INTRODUCTION
============

The European Union has banned the use of animal experiments for cosmetic constituents since March 2009, and, therefore, cosmetics that have been tested on animals cannot be marketed. Furthermore, the use of animal studies for drug development has also decreased because of animal protection regulations. Therefore, alternative testing models, such as reconstructed skin equivalents (SEs), have been developed to test cosmetic and pharmaceutical ingredients that may cause skin irritation \[[@B1]\]. Current SE models, however, are insufficient and have higher permeability than real human skin; therefore improved SEs need to be developed \[[@B2]\].

Fucoidans are sulfated polysaccharides that contain high levels of L-fucose and are mainly found in brown seaweeds \[[@B3],[@B4]\]. Recently, fucoidan has been shown to exhibit many biologic activities such as anti-coagulant \[[@B5]\], anti-tumor \[[@B6]\], anti-inflammatory \[[@B7]\], anti-viral \[[@B8]\], and anti-oxidant effects \[[@B9]\]. It was also reported that fucoidan blocked UVB-induced expression of matrix metalloproteinase (MMP)-1 and thus increased the synthesis of type I procollagen \[[@B10]\]. Fucoidan was also shown to increase fibroblast proliferation in the presence of transforming growth factor-β1 (TGF-β1), indicating that fucoidan may aid in wound healing \[[@B11]\]. Furthermore, sulfated polysaccharides, such as chondroitin sulfate, are major constituents of human dermis \[[@B12]\]. These findings all indicated that fucoidan could be beneficial for the reconstruction of SE, and we therefore investigated the effects of fucoidan on fibroblast proliferation and the reconstruction of SE.

Cell cycle progression is important for cell proliferation \[[@B13]\]. D-type cyclins, including cyclin D~1~, cyclin D~2~, and cyclin D~3~, are expressed in most proliferating cells and regulate cell cycle progression \[[@B14],[@B15]\]. On the other hand, p27^Kip1^ (p27) is a cyclin-dependent kinase (CDK) inhibitor that binds to the cyclin D/CDK complex and inhibits CDK4, thereby decreasing cell proliferation \[[@B16],[@B17]\]. To further investigate the mechanisms by which fucoidan elicits its effects, we also examined the expression of these cell cycle-related proteins.

METHODS
=======

Reagents
--------

Fucoidan from *Fucus vesiculosus*, Dulbecco\'s Modified Eagle\'s Medium (DMEM) powder, nutrient mixture F-12 Ham (F-12) powder, sodium bicarbonate, HEPES, formaldehyde, insulin, L-ascorbic acid, isoproterenol, and hydrocortisone were obtained from Sigma-Aldrich, Inc. (St Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). DMEM/F-12 in a 3:1 mixture, antibiotic-antimycotic (penicillin, streptomycin), trypsin-EDTA, and sodium hydroxide were purchased from WelGENE (Daegu, South Korea). Recombinant human epidermal growth factor (EGF) was obtained from Invitrogen Co. (Gibco, Camarillo, CA, USA). Antibodies against cyclin D1 (sc-718), p27 (sc-528), and actin (sc-1616) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Cell culture
------------

CCD-25Sk human fibroblasts were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA) and HaCaT human keratinocytes \[[@B18]\] were purchased from Cell Lines Service (Eppelheim, Germany). The cells were grown in DMEM supplemented with 10% FBS, 50 µg/mL streptomycin, and 50 µg/mL penicillin in a 5% CO~2~ incubator at 37℃.

Crystal violet assay for cell viability
---------------------------------------

Cell viability was assessed using the crystal violet staining assay \[[@B19]\]. CCD-25Sk cells were treated with fucoidan for 24 h. The culture medium was removed and the cells were stained with 0.1% crystal violet in 10% ethanol for 5 min at room temperature and then rinsed four times with distilled water. The crystal violet retained by adherent cells was extracted with 95% ethanol and the absorbance at 590 nm was determined using an ELISA reader (VERSAMax; Molecular Devices, Sunnyvale, CA, USA).

MTT assay for cell proliferation
--------------------------------

CCD-25Sk cells were seeded into 6-well plates (5×10^4^ cells/well) and cultured for 24 h before incubation with various concentrations of fucoidan (0\~50 µg/ml) in DMEM containing 10% FBS at 37℃ and 5% CO~2~ for 4 days. After addition of an MTT solution (5 mg/ml; 50 µl/well) and incubation for 4 h, the supernatants were removed and the formazan crystals were solubilized in 1 ml dimethylsulfoxide. Optical density was determined at 540 nm using a VERSAMax.

Western blotting
----------------

CCD-25Sk cells were lysed in cell lysis buffer (62.5 mM Tris-HCl \[pH 6.8\], 2% SDS, 5% β-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride, protease inhibitors \[Complete™; Roche, Mannheim, Germany\], 1 mM Na~3~VO~4~, 50 mM NaF, and 10 mM EDTA). Proteins in the total cell lysates were separated by SDS-polyacrylamide gel electrophoresis using 20 µg of protein per lane, blotted onto polyvinylidene fluoride (PVDF) membranes, and blocked with 5% dried milk in Tris-buffered saline containing 0.5% Tween 20. Blots were incubated with the appropriate primary antibodies at a dilution of 1:1000 and then with horseradish peroxidase-conjugated secondary antibody. Bound antibody was identified using an enhanced chemiluminescence testing kit (Thermo Scientific Inc., Bremen, Germany). All immunoblot images were obtained using a LAS-1000 lumino-image analyzer (Fuji Film, Tokyo, Japan).

Preparation of dermal equivalents
---------------------------------

Dermal equivalents were prepared as described previously, with some modifications \[[@B20],[@B21]\]. Briefly, type I collagen extracted from rat tail tendons was dissolved by stirring in 1/1000 glacial acetic acid and incubating at 4℃ for 48 h. Dermal equivalents were prepared by mixing one volume of 10× reconstitution buffer (0.05 N NaOH, 0.26 mM NaHCO~3~, 200 mM HEPES), one volume of 10× medium (DMEM: F-12=3:1), and eight volumes of 1% type I collagen solution. All dermal equivalents contained 3×10^5^ CCD-25Sk cells. Three milliliters of this mixture was transferred to 24-mm transwell inserts with a 3.0-µm pore polycarbonate membrane (Corning, Inc., USA) and placed in the incubator at 37℃ for gelation.

Reconstruction of skin equivalents
----------------------------------

HaCaT cells were seeded onto dermal equivalents at a density of 1×10^6^ cells and cultured submerged for 1 day and at the air-liquid interface for 12 days. The growth medium was DMEM/F-12 supplemented with 5% FBS, 0.4 µg/ml hydrocortisone, 1 M isoproterenol, 25 µg/ml ascorbic acid, and 5 µg/ml insulin. Epidermal growth factor (EGF) was added to the growth medium at 1 ng/ml for the submerged culture and 10 ng/ml for the air-liquid interface culture. The culture medium was refreshed three times a week.

Histology and immunohistochemistry
----------------------------------

After 13 days, SEs were fixed in 10% formaldehyde for 1 day and processed for conventional paraffin embedment. Four- to six-micrometer-thick sections were prepared. For morphologic analysis, sections were stained with hematoxylin and eosin (H&E). For immunohistochemical analysis, sections were processed using the avidin-biotin-peroxidase complex technique (DAKO, Glostrup, Denmark). Antibodies specific for p63, proliferating cell nuclear antigen (PCNA), α6-integrin, and β1-integrin were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); antibodies specific for type I collagen (No. 20111), elastin (No. 25011), and fibronectin (No. 24911) were from Novotec (Lyon, France). Image analysis was performed using MetaMorph Offline version 7.7.0.0 image analysis software (Molecular Devices, Downington, PA).

Statistics
----------

The statistical significance of intergroup differences was assessed by analysis of variance (ANOVA) and Student\'s t-test. p-values\<0.01 were considered statistically significant.

RESULTS
=======

Fucoidan did not show cytotoxicity against CCD-25Sk cells
---------------------------------------------------------

To examine the cytotoxic effects of fucoidan, CCD-25Sk cells were treated with fucoidan at concentrations of 0\~50 µg/ml for 24 h. Cell viability was measured by crystal violet staining. Fucoidan did not show cytotoxic effects against CCD-25Sk cells (data not shown).

Effects of fucoidan on CCD-25Sk cell proliferation
--------------------------------------------------

CCD-25Sk cells were cultured with 0\~50 µg/ml fucoidan for 3 days. Cell proliferation was examined by MTT assay. Fucoidan significantly increased the proliferation of CCD-25Sk cells at concentrations up to 10 µg/ml ([Fig. 1A](#F1){ref-type="fig"}). Proliferation increased by about 20% when cells were treated with 1 µg/ml, but proliferation was inhibited by 50 µg/ml fucoidan ([Fig. 1A](#F1){ref-type="fig"}). To investigate the mechanism by which fucoidan promotes proliferation, we examined changes in the expression of cell cycle-related proteins by Western blot analysis. As shown in [Figure 1B](#F1){ref-type="fig"}, fucoidan increased the expression of cyclin D~1~ and decreased the expression of p27.

Effects of fucoidan on skin equivalent
--------------------------------------

Because 50 µg/ml fucoidan showed anti-proliferative effects on cultured cells, fucoidan was used at concentrations up to 10 µg/ml in the reconstruction of SE. SE constructed with fucoidan contained more cells expressing PCNA, a nuclear marker of proliferating cells, and p63, a putative keratinocyte stem cell marker, than the control SE ([Fig. 2B, C](#F2){ref-type="fig"}). Expression of α6-integrin was significantly increased by fucoidan ([Fig. 2B, C](#F2){ref-type="fig"}), whereas expression of β1-integrin was not altered. We also examined extracellular matrix (ECM) formation and found that expression of type 1 collagen, elastin, and fibronectin was not changed by the addition of fucoidan.

DISCUSSION
==========

In the present study, we showed that fucoidan stimulated the proliferation of CCD-25Sk human fibroblast cells. A previous study similarly reported that fucoidan stimulated fibroblast proliferation in the presence of TGF-β1; however, that study reported that fucoidan alone inhibited fibroblast proliferation by approximately 55% at 100 µg/ml \[[@B11]\]. Fucoidan also inhibited CHO-K1 cell proliferation at concentrations greater than 100 µg/ml \[[@B22]\]. Thus, fucoidan seems to have anti-proliferative properties at these concentrations. The reason why a high concentration of fucoidan inhibited the proliferation of fibroblasts remains to be investigated. However, a great deal of evidence indicates that high concentrations of many substances inhibit cell proliferation. For example, a high glucose concentration induced growth inhibition of osteoblast-like cells \[[@B23]\] and (-)-epigallocatechin-3-gallate (EGCG) increased the proliferation of keratinocytes at low concentrations of 0.1\~1 µM, but significantly inhibited the proliferation of keratinocytes at a high concentration of EGCG (100 µM) \[[@B24]\]. In accordance with these studies, our results indicated that 50 µg/ml fucoidan inhibited fibroblast proliferation, without a cytotoxic effect, whereas low concentrations (0.1\~10 µg/ml) of fucoidan significantly increased cell proliferation. Thus, fucoidan may have dual effects on cell proliferation depending on the concentration.

To further confirm the proliferative effects of fucoidan, we examined the expression of cell-cycle-related molecules. Cyclin D~1~ forms a complex with CDK4 or CDK6 and promotes cell cycle G~1~/S transition \[[@B14],[@B15]\]. The CDK inhibitor p27, on the other hand, inhibits cell cycle progression. Therefore, decreased expression of p27 may contribute to cell proliferation \[[@B16],[@B17]\]. Our results showed that fucoidan treatment decreased expression of p27 and increased expression of cyclin D~1~. These results suggest that fucoidan stimulates cell proliferation through cell cycle regulation.

SE models are three-dimensional systems in which the effect of certain substances can be examined on the tissue level, rather than on the cellular level \[[@B20]\]. In the present study, we investigated the effects of fucoidan on the construction of SE. p63 is regarded as a putative epithelial stem cell marker \[[@B25]\]. Our results showed that the addition of fucoidan increased p63 expression in SE, as compared to the control ([Fig. 2B, C](#F2){ref-type="fig"}), indicating that fucoidan may contribute to the maintenance of epidermal stemness. It was also reported that p63 is an indispensable factor for the proliferation and differentiation of keratinocytes \[[@B26]\]. These results indicate that fucoidan may promote the proliferation of epidermal cells in SE. Therefore, we examined the expression of PCNA, a proliferating cell marker, by immunohistochemical staining and showed that PCNA expression was increased by the addition of fucoidan ([Fig. 2B, C](#F2){ref-type="fig"}). These findings suggest that fucoidan increased epidermal stemness, as well as the proliferative potential of the SE model, by providing a favorable microenvironment.

It has been reported that normal human skin shows higher integrin expression than standard SE models \[[@B27]\]. Therefore, integrin expression should be enhanced in SEs to a level similar to human skin. Expression of α6-integrin is typically found along the basement membrane \[[@B28]\]. Our results showed that α6-integrin expression in the basal region increased in SE containing fucoidan, whereas β1-integrin expression did not change. Therefore, fucoidan may contribute to reconstruction of an improved SE.

In summary, this study demonstrated that fucoidan promoted CCD-25Sk human fibroblast cell proliferation as confirmed by increased expression of cyclin D~1~ and decreased expression of p27. Furthermore, fucoidan increased expression of PCNA, p63, and α6-integrin in our SE model. Therefore, fucoidan may be a useful component in the reconstruction of SE.
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![Effects of fucoidan on CCD-25Sk cell proliferation. Cells were treated with 0\~50 µg/ml fucoidan for 3 days. (A) Cell proliferation was measured using the MTT assay. Data represent the means±S.D. of triplicate assays expressed as percentages of the control. ^\*^p\<0.01 (B) Whole cell lysates were subjected to Western blot analysis with antibodies against phospho-specific ERK, cyclin D~1~, and p27. Equal protein loading was confirmed using an antiactin antibody. Fold increases over the control were determined by densitometric analysis and are shown below in each lane.](kjpp-18-327-g001){#F1}

![Effects of fucoidan in the SE reconstruction. (A) Photographs of skin equivalents (SEs) in 24-mm transwell culture after 12 days of SE reconstruction. (B) SE sections were stained for H&E, PCNA, p63, α6-integrin, β1-integrin, type I collagen, elastin, and fibronectin. Each experiment was repeated independently three times, and representative results are shown. Original magnification, ×400. (C) PCNA, p63, and α6-integrin intensities were measured as described in \'Materials and Methods.\' ^\*^p\<0.01 compared to the control model.](kjpp-18-327-g002){#F2}
